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DNA double-strand breaks (DSBs) arise regularly in cells and
when left unrepaired cause senescence or cell death. Homolo-
gous recombination (HR) and nonhomologous end-joining
(NHEJ) are the two major DNA-repair pathways. Whereas HR
allows faithful DSB repair and healthy cell growth, NHEJ has
higher potential to contribute to mutations and malignancy.
Many regulatory mechanisms influence which of these two
pathways is used in DSB repair. These mechanisms depend on
the cell cycle, post-translational modifications, and chromatin
effects. Here, we summarize current research into these mech-
anisms, with a focus on mammalian cells, and also discuss repair
by “alternative end-joining” and single-strand annealing.

Many cancer cells show genomic abnormalities consistent
with aberrant repair of DNA double-strand breaks (DSBs)2 (1).
Mammalian DSBs can be repaired by homologous recombina-
tion (HR), “canonical” nonhomologous end-joining (C-NHEJ),
“alternative” nonhomologous end-joining (A-EJ), or by single-
strand annealing (SSA) (Fig. 1) (2, 3). Each of these pathways
requires specific repair factors and produces different repair
outcomes. HR is typically considered to be a “faithful” pathway,
and deficiencies in HR contribute to mutations associated with
malignancy and reduced cell health. Given these observations, a
great deal of effort has been dedicated in recent years to under-
standing when and how DNA repair pathways are regulated.

NHEJ often acts first to repair DSBs

Several lines of evidence indicate that C-NHEJ often acts first
to attempt to repair DSBs (4 –8). If NHEJ cannot be completed,
then the DSB undergoes “resection,” in which one strand of the
DNA duplex is degraded to produce a single-stranded DNA
overhang suitable for alternative pathways of repair (2). Fluo-
rescent reporter constructs integrated into the chromosomes

of human cell lines revealed that NHEJ is much faster than HR,
taking place within 30 min (versus several hours for HR), and
accounts for �75% of repair events (6). Cell cycle-specific stud-
ies using knockout cell lines demonstrated that �80% of DSBs
induced by ionizing radiation in G2 are repaired by NHEJ (4).
According to these estimates, HR might be considered a path-
way that acts in specific contexts, when NHEJ is not active or
successful. In fact, a study in which DSBs were induced tran-
siently using the I-SceI meganuclease revealed almost no HR-
mediated repair (8). This low level of HR may be dependent on
rapid ligation of cohesive ends formed by I-SceI cutting.

Structure of DNA breaks influences the pathway used for
repair

Other evidence supports the idea that the structure of the
DSB can influence DNA repair pathway choice. For example,
DSBs induced using near-infrared microbeam irradiation, or
high-linear energy transfer carbon ions, tend to have a more
complex structure than those induced with I-SceI. In each case,
the more complex DSBs generated using these approaches
could not be repaired quickly by NHEJ and instead required
additional processing or a greater use of HR for repair (9, 10).
Use of different variants of Cas9 with site-specific gRNAs also
allowed different DSB structures to be generated at break sites
(11). Interestingly, DNA ends with a 47-nucleotide 5� overhang
were subject to HR-mediated gene conversion at a far higher
frequency than “blunt” DSBs, which are repaired primarily by
classical NHEJ.

Cell cycle is a major determinant of repair pathway
choice

Although kinetics and end structure are undoubtedly impor-
tant in determining what pathway is used for DSB repair, it is
clear that different cell types use different repair pathways at
different rates. For example, HR appears to be especially effi-
cient in stem cells, whereas NHEJ is used more frequently in
more differentiated lineages (12). DSB repair pathway choice
must therefore be subject to regulation, which can take place at
many different stages. A key determinant of repair pathway
usage is the cell cycle phase (Fig. 2). Tracking live cells to mea-
sure what proportions of DSBs are repaired by HR indicated
that HR reaches peak activity in mid-S phase, whereas NHEJ
predominates in G1 and G2 (5). NHEJ is repressed during mito-
sis, however, by a mechanism involving phosphorylation of key
DNA damage–response factors by the mitotic-specific kinase,
CDK1 (13).
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The activation of HR in S phase is dependent in part on
activation of “resection” activities. Cyclin-dependent kinase
(CDK)-mediated phosphorylation of CtIP, a key protein that
stimulates resection, is one way that HR is activated during S
phase (14). This enables HR-mediated repair of DSBs formed
during S phase, which can use a sister chromatid as a template.
Conversely, HR is disfavored during G1, when homologous
templates for HR-mediated repair of DSBs are unlikely to be in
close proximity. HR is suppressed during G1 by a variety of
mechanisms. First, CtIP is substantially destabilized by protea-
some-mediated degradation during G1, and it only becomes
present at substantial amounts in the nucleus following activa-
tion of CDK activity (15). CtIP-mediated resection has none-
theless been reported during G1 (16). CtIP-mediated resection
in G1 is dependent on phosphorylation of CtIP by Plk3 and
leads to NHEJ-mediated repair with a high proportion of muta-
tions. The potentially mutagenic impact of resection during G1
underscores the importance of additional mechanisms to reg-
ulate resection (discussed below). Recently, the RECQ family
helicase, RECQL4, was identified as a regulator of repair path-
way choice between the G1 and S phase of the cell cycle (17).
RECQL4 is recruited to DSBs at all phases of the cell cycle, but
it interacts with the NHEJ factors Ku70/80 during G1 and with
MRE11 during S and G2. This switch in the binding partner of
RECQL4 is mediated by phosphorylation by CDK1/2. A recent
report shows that NBS1 is down-regulated by cell cycle-specific
phosphorylation to determine the activity of NHEJ at telomeres
(18). CDK2-mediated phosphorylation of NBS1–Ser-432 (Ser-
433 in mice) promotes dissociation of NBS1 from TRF2-pro-
tected telomeres during S phase, preventing the formation of
chromatid fusions by NHEJ.

Regulation of NHEJ

Several factors promote NHEJ during G1 and subsequently
limit the use of NHEJ as the cell transitions into S phase. Recent
reports indicate that a number of enzymes help remove the

heterodimeric DNA-binding complex Ku70/80, which is a key
component of the C-NHEJ pathway, from DSBs, thereby
increasing the use of HR. Ku80 is a target for RNF138 E3 ubiq-
uitin ligase activity, and in the absence of RNF138, Ku80 per-
sists at the DNA end, inhibiting DSB resection and HR (19). The
importance of RNF138 for determining repair pathway choice
is further demonstrated by its ability to regulate the resection
factor, CtIP (20). Ubiquitylation of CtIP by RNF138 increases
its ability to promote resection, whereas ubiquitylation of Ku80
by RNF138 reduces its ability to promote NHEJ. The exact
mechanism by which these ubiquitylations affect the activity of
repair factors is not yet completely clear. The effect of RNF138
ubiquitylation on Ku80 abundance at break sites appears to be
independent of proteasome-mediated degradation. However,
RNF8, SCFFbxl12, VCP-p97, and RNF126 have all been impli-
cated in targeting Ku to the proteasome, and thereby shifting
the balance of repair from NHEJ to HR (21–24). The CRL4 E3
ubiquitin ligase, which contains either CUL4A or CUL4B, has
additionally been implicated in removal of Ku via a ubiquitin-
dependent mechanism that is also dependent on neddylation
(25). At this point, it is not clear whether these ubiquitin-medi-
ated processes act redundantly or in response to specific types
of DNA damage.

In addition to ubiquitin-mediated mechanisms, the activity
of Ku70/80 in NHEJ is regulated based on phosphorylation (26).
Five serine/threonine residues in the central region of Ku70 are
phosphorylated by the DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs), which binds to Ku70/80 during G1.
This phosphorylation alters the structure of the Ku het-
erodimer, reducing its affinity for DNA. Dissociation of
Ku70/80 following phosphorylation allows resection to begin,
increasing the rate of HR in S phase. DNA-PKcs also regulates
HR by modulating the activity of the ATM kinase in response to
DNA damage (27). ATM is a master regulator of DNA damage
responses, with hundreds of known substrates. DNA-PKcs
phosphorylates ATM at multiple sites, which reduces its kinase
activity and therefore restricts its ability to induce DSB resec-
tion leading to HR.

In 2017, Karlsreder and co-workers (28) demonstrated that
CYREN (cell cycle regulator of NHEJ) represses NHEJ during S
and G2 phases of the cell cycle. CYREN is only expressed during
these cell cycle phases, when it blocks NHEJ activity by binding
to Ku. Knockout of CYREN produces a significant increase in
NHEJ-mediated chromatid fusions at deprotected telomeres.
This result underscores the importance of correct regulation of
DSB repair pathways, to prevent mutations arising from “toxic
NHEJ” (29).

Regulation of DSB resection

A major step committing a DSB to HR is 5�–3� resection of
the DNA end to form a 3� single-stranded DNA overhang. The
initial step in resection involves end processing by a complex of
MRE11 and CtIP, followed by “long-range” resection either by
BLM/DNA2 or EXO1 (2). MRE11 is present along with RAD50
and NBS1 as the “MRN” complex and has both endonuclease
and exonuclease activity (30). MRE11 first cuts one DNA strand
close to the break site, using its 5�–3� endonuclease activity and
then degrades the same strand using its processive 3�–5� exo-

Figure 1. Overview of pathways for DNA DSB repair in mammals. Canon-
ical nonhomologous end-joining (C-NHEJ) involves direct ligation at the
break site, often with some number of base insertions or deletions that can
cause mutation. A-EJ refers to NHEJ that does not use canonical end-joining
factors. Homologous DNA sequences are indicated in red. A-EJ often involves
some degree of resection, creating single-stranded regions that may pair at
areas of micro-homology. Processing and excision of the intervening
sequence is likely to cause mutation at the repair junction. SSA also involves
resection and pairing of homologous regions but uses different repair
machinery and is more likely to result in large deletion mutations. HR involves
resection at the DSB and repair using a homologous DNA sequence as a tem-
plate. It is usually error-free but may occasionally contribute to mutation. For
more details see Refs. 2 and 3.
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nuclease activity. Ku70/80 is displaced from the break site by
MRE11-mediated end processing, thereby preventing further
NHEJ activity. Selective inhibition of the endonuclease activity
of MRE11 can prevent subsequent resection, however, allowing
further attempts to repair damage using NHEJ.

CtIP plays an important role in activation of MRE11 nuclease
activities to initiate HR. As such, CtIP is itself subject to multi-
ple layers of regulation. As mentioned previously, CDK-medi-
ated phosphorylation of CtIP at Thr-847 facilitates resection by
MRE11-CtIP upon transition to S phase (14). CtIP activity is
also enhanced by constitutive sumoylation by CBX4 on Lys-896
and by SIRT6-mediated deacetylation (31, 32). Conversely,
other post-translational modifications appear to limit CtIP-
mediated resection. The E3 ubiquitin ligase, CRL3KLHL15, tar-
gets CtIP for proteasomal degradation (33). CtIP activity also
appears to be limited by RNF111-mediated neddylation,
although CtIP is not a direct substrate for RNF111 (34). In each
of these cases, the exact mechanism by which KLHL15 levels or
RNF111 activity are regulated in response to DNA damage to
modulate CtIP activity has yet to be fully understood.

Formation of a complex of CtIP with BRCA1 was formerly
considered to be an essential step leading to up-regulation of
DSB resection activity during the transition to S phase. More
recent work has challenged this model. Ser-327 in CtIP was
proposed to be the critical interface for interaction with
BRCA1, but mutation of this residue revealed that it is not nec-
essary for normal HR (35, 36). Several other factors have been
suggested to help recruit CtIP to DNA breaks. Recruitment of
CtIP to S phase DNA damage sites appears to be increased by its
interaction with AUNIP, a protein that has intrinsic DNA-
binding capability, with particular affinity for DNA structures
formed at stalled replication sites (37). The dNTP triphospho-
hydrolase, SAMHD1, also recruits CtIP to DNA break sites
(38). SAMHD1 had previously been characterized as a factor
that modifies the infectivity of HIV, by altering cellular pools of

dNTPs required for reverse transcription. SAMHD1 also
localizes to break sites, however, and cancer-associated
mutations in SAMHD1 map to the CtIP-interaction region,
instead of the dNTPase-active site. Formation of the com-
plex of CtIP–MRE11 at break sites is also dependent on
RECQL4, and levels of HR correlate with the expression level
of RECQL4 (39).

Several new players have recently been suggested to regulate
DSB resection in mammalian cells. PHF11 (plant homeodo-
main finger 11) was shown to interact with RPA to promote
extensive resection by EXO1 (40). Conversely, the helicase
HELB was shown to be an antagonist of resection, with an abil-
ity to inhibit long-range resection by EXO1 or BLM-DNA2
(41).

BRCA1 and 53BP1: A key regulatory partnership

The DNA damage–response factor 53BP1 was identified as a
negative regulator of HR in 2010, and the outcomes of patients
with BRCA1-mutant cancer were shown to be dependent on
levels of 53BP1 expression (29, 42). 53BP1 limits resection of
DSBs, steering repair toward NHEJ and away from HR. This
effect is counteracted by BRCA1, which allows resection to
continue in the presence of 53BP1. 53BP1 is recruited to chro-
matin around DSBs by binding to specific histone modifica-
tions (Fig. 3). The Tudor domain of 53BP1 binds to H4K20Me2,
which is present throughout the genome, whereas the 53BP1
“ubiquitin-dependent recruitment” region binds to H2AK15ub,
which is induced by RNF168 following damage signaling at
DSBs (43, 44). Multiple factors influence the ability of 53BP1
to bind to these chromatin marks and therefore to affect
repair pathway choices at break sites. For example, 53BP1 was
shown to have reduced retention at DSBs in S phase, because
H4K20Me2 becomes “diluted” as replication proceeds (45).
This effect limits the ability of 53BP1 to bind around DSBs and
restrict resection as S phase proceeds, favoring increased use of

Figure 2. Cell cycle-dependent regulation of DSB repair pathways in mammals. Pathways for repair of DSBs are active at different rates at different phases
of the cell cycle. NHEJ dominates in G1, whereas HR is most active in S phase. NHEJ and HR appear to compete for repair of DSBs in G2, but both pathways are
down-regulated during M phase. Changes in activity of different pathways depend on differential expression of regulatory factors and post-translational
modification. Several regulatory mechanisms are shown. See text for details.
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HR. Binding of 53BP1 to H4K20Me2 is reduced by the presence
of JMJD2A and L3MBTL1, which compete for H4K20Me2-
binding sites (46, 47). These proteins can be displaced by the E3
ubiquitin ligase, RNF8, but this activity is opposed by deubiq-
uitinating enzymes (DUBs). Specifically, JMJD2A recruitment
is enhanced by the DUB activity of POH1, whereas the
DUB OTUB1 restricts ubiquitination-mediated removal of
L3MBTL1 (48, 49). In each of these cases, the DUB activity
favors HR, by making it harder for 53BP1 to bind to H4K20Me2
around DSBs. 53BP1 binding to H4K20Me2 is further repressed
by the expression of TIRR, a protein that binds to the Tudor
domain of 53BP1, preventing it from associating with chroma-
tin (50). As it is often amplified in tumor cells, TIRR may pro-
mote malignancy by impacting regulation of DNA repair by
53BP1. The histone acetyltransferase complex, TIP60, also
competes with 53BP1 for H4K20Me2 (51). NMR spectroscopy
showed that acetylation of H4K16 by TIP60 to produce
H4K16Ac disrupts 53BP1 binding to chromatin by interfering
with the interaction between key residues in the 53BP1 Tudor
domain and histone H4 in the core nucleosome (52). TIP60
therefore creates a chromatin environment that is more favor-
able for BRCA1 binding relative to 53BP1 binding, leading to
increased use of HR instead of NHEJ.

Just as JMJD2A and L3MBTL1 compete with 53BP1 for
H4K20Me2 binding, the E3 ubiquitin ligases RNF169 and
RAD18 also compete with 53BP1 for binding to H2AK15ub (53,

54). The ability of 53BP1 to bind to H2AK15ub is also limited
by phosphorylation or acetylation of key residues within the
ubiquitin-dependent recruitment region (13, 55, 56). In addi-
tion to its recruitment, the stability of 53BP1 is also regulated
by proteasome-mediated degradation dependent on the E2
enzyme, UBCH7 (57). UBCH7 activity is up-regulated upon
replication stress, leading to increased degradation of 53BP1
and therefore higher levels of HR.

In general, BRCA1 is considered a pro-HR factor, based on
long-standing studies that demonstrated that it supports for-
mation of foci of the key recombination mediator, RAD51, after
DNA damage and that it enables HR in plasmid reporter assays
(58). BRCA1 forms nuclear “foci” after DNA damage, and many
of these foci are dependent on the presence of the adaptor
protein, RAP80, and the activities of the E3 ubiquitin ligases,
RNF8 and RNF168. Surprisingly, however, deletion of RAP80
increases the rate of HR, indicating that RAP80 may be seques-
tering BRCA1 in areas within the nucleus where it is not able to
promote HR (59, 60). If RAP80-dependent foci of BRCA1 do
not represent sites of active recombination, it follows that there
must be some other way for BRCA1 to be recruited to DSBs that
support its pro-HR function. One way that this may be achieved
is by conversion of RAP80-containing BRCA1 complexes into a
pro-recombinogenic form. The zinc finger protein, ZMYM3,
may play this role, as it is found associated with BRCA1 and
RAP80, and supports HR (61). Alternatively, some other factor

Figure 3. 53BP1-BRCA1 network for regulation of repair pathway choice at DSBs. 53BP1 normally represses use of HR for repair of DSBs. This is achieved
in part by 53BP1-mediated recruitment of the downstream regulators RIF1, REV7, and PTIP. These factors repress resection, including by recruitment of Artemis,
which can remove potentially-recombinogenic tracts of single-stranded DNA at the break site. The effect of 53BP1 is antagonized by factors that compete for
chromatin-binding sites (JMJD2A, L3MBTL, and RNF169), inhibit 53BP1 recruitment (TIP60 and TIRR), block recruitment of downstream modulators of 53BP1
(SCAI), or promote degradation of 53BP1 (UBCH7). BRCA1 recruited to break sites via RAP80 may not always be in a complex that supports HR, but interaction
with ZMYM3 may contribute to activation of BRCA1 to promote HR. BRCA1 antagonizes 53BP1 in part through recruitment of UHRF, which ubiquitylates RIF1,
preventing RIF1 from being stably retained at the break site. BRCA1 may also inhibit 53BP1 binding through E3 ubiquitin ligase activity at the break. See text
for more details.

THEMATIC MINIREVIEW: Pathway choice between HR and NHEJ repair

J. Biol. Chem. (2018) 293(27) 10502–10511 10505



may regulate recruitment of BRCA1 to support HR. Recently,
the Cockayne Syndrome B protein was shown to mediate
BRCA1 recruitment to damage sites, enabling higher rates of
DSB resection and HR (62).

The mechanism by which BRCA1 prevents 53BP1-mediated
inhibition of resection and HR is still not fully understood, but
recent years have seen several studies that potentially shed light
on this long-standing mystery. One mechanism by which
BRCA1 relieves the block on DSB resection caused by RIF1
depends on the E3 ubiquitin ligase, UHRF1 (63). UHRF1 is phos-
phorylated by CDK2, which is active in S phase, allowing it to be
recruited to DSBs by BRCA1. UHRF1 then ubiquitylates RIF1
bound to 53BP1 at the break site, causing RIF1 to be displaced
and partially overcoming the block on resection caused by
53BP1. Another recent report suggested that BRCA1 displaces
RIF1 by a different mechanism that involves PP4C-mediated
dephosphorylation of 53BP1 (64). A third model for BRCA1-
mediated reversal of the block on resection imposed by 53BP1
involves ubiquitination of H2AK127 by the BRCA1-BARD1 E3
ligase, which triggers SMARCAD1-mediated repositioning of
nucleosomes and 53BP1 to allow processive DSB resection (65).
This model is based on evidence from a point mutation in
BARD1, which forms a heterodimeric E3 ubiquitin ligase with
BRCA1. Longitudinal studies in genetically-targeted mice have
however suggested that the E3 ligase activity of BRCA1 is dis-
pensable for tumor suppression (66).

Repair regulation downstream of 53BP1

53BP1 is phosphorylated after DNA damage, leading to asso-
ciation between 53BP1 and its downstream mediators, RIF1
and PTIP (67, 68). Another downstream effector of 53BP1,
REV7, was identified in an shRNA screen for factors that con-
trol HR in the absence of BRCA1 (69, 70). Recent studies have
provided additional insight into how these factors operate and
are regulated. The interaction of 53BP1 with PTIP has the
potential to be extremely significant, because PTIP can recruit
the Artemis endonuclease to damage sites (71). Artemis is bet-
ter known for processing DNA ends prior to NHEJ (3), but it
appears that it also directs DNA repair pathway choice down-
stream of 53BP1 by cleaving single-stranded DNA overhangs,
limiting the ability of RPA or RAD51 to bind and initiate HR.
The interaction of 53BP1 with PTIP appears to be most relevant
for producing aberrant NHEJ events in the absence of BRCA1,
but its interaction with RIF1 is also important for a subset of
NHEJ events, including class switch recombination at the
immunoglobulin heavy chain locus in B lymphocytes (67).
Interestingly, the SCAI protein (“suppressor of cancer cell inva-
sion”) appears to compete with RIF1 for binding to phosphor-
ylated 53BP1 (72). Whereas 53BP1-RIF1 promotes certain
NHEJ events, 53BP1 bound to SCAI seems to be competent for
HR, potentially representing a way in which the balance of
repair pathways can be altered. Many HR factors are essential
for embryonic development, whereas Scai�/� mice are viable
but show a defect in 53BP1-dependent repair of heterochro-
matic DSBs (73). Clearly further work is required to fully under-
stand the role of SCAI in DSB repair.

Regulation of RAD51 loading and unloading

After overcoming any block from 53BP1 and its downstream
effectors, BRCA1 promotes efficient HR at the resected DSB
through at least two processes. BRCA1 recruits first PALB2
(Partner and Localizer of BRCA2) and subsequently BRCA2 to
the break site, where BRCA2 can load RAD51 (58). The inter-
action between BRCA1 and PALB2 is subject to regulation, rep-
resenting another step where control of repair pathway choice
can be exerted. Ubiquitylation of key lysine residues in PALB2
by the CRL3-KEAP1 E3 ubiquitin ligase complex prevents asso-
ciation of PALB2 and BRCA1 in G1, and therefore it pushes
repair toward NHEJ (74). This effect of CRL3-KEAP1 is depen-
dent on low levels of activity of the USP11 DUB, which becomes
up-regulated during S phase, leading to deubiquitylation of
PALB2 and formation of the pro-HR BRCA1–PALB2 complex.
Phosphorylation of PALB2 also regulates its ability to form
complexes with BRCA1, thereby regulating HR at specific
phases of the cell cycle. Notably, ATR activation at resected
DSBs leads to phosphorylation of Ser-59 in PALB2, which
enhances its complex formation with BRCA1 (75).

A number of factors in mammalian cells have “anti-recom-
binase” activity, which means they antagonize the HR pathway
(2, 76). These factors include FBH1, PARI, BLM, RECQL5, and
DNA polymerase �. They act either by destabilizing RAD51
binding to resected DNA ends or by disassembling nascent
recombination intermediates. At this stage, it is not clear to
what extent or how these “anti-recombinases” are regulated to
give a particular repair outcome. The RPA-like protein, RADX,
which was recently discovered through biochemical studies of
factors present at stalled replication forks, acts to restrict
the recombinogenic potential of RAD51 (77). In cells lacking
BRCA2, this antagonistic effect of RADX on HR contributes to
the cytotoxic effects of olaparib or camptothecin, which pro-
duce DSBs in S phase. RAD51 is further regulated by RFWD3,
an E3 ubiquitin ligase that ubiquitylates RPA and RAD51, stim-
ulating their removal by a VCP/p97-dependent pathway (78).
Loss of RFWD3-mediated ubiquitylation results in a failure of
HR and a form of Fanconi anemia.

Role of chromatin and nuclear position in regulation of
repair pathway choice

Repair of DSBs in heterochromatic regions of the genome
requires specialized signaling mechanisms (10), and accumu-
lating evidence supports the idea that the choice of DSB repair
pathway is also influenced by the nature of chromatin at the
break site (Fig. 4). According to one estimate based on RPA
immunofluorescence, 71% of DSBs committed to HR colo-
calized with the heterochromatin markers H3K9me3 or
H4K20me3 (79). This supports the idea that heterochromatic
DSBs are primarily repaired by HR. Three studies published in
2014 also demonstrated that HR is the primary pathway for
repair of DSBs within transcriptionally-active regions (80 –82).
In this case, SETD2-mediated formation of H3K36Me3 at the
sites of transcriptional elongation forms a binding site for the
chromatin-binding factor, LEDGF, which binds after DNA
breakage and helps recruit CtIP for DSB resection and HR (83).
The histone demethylase, JMJD2A, can reduce the use of HR in
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these regions by reducing overall abundance of H3K36Me3.
The presence of acetylated histones in transcriptionally-active
regions, and demethylation by KDM5A, allows binding of the
bromodomain protein, ZMYND8 (84). ZMYND8 favors HR, by
recruitment of the chromatin-remodeling NuRD complex.
Depletion of ZMYND8 reduces HR but has no effect on NHEJ.
HR is also favored by the presence of the histone variant
macroH2A (85). Interestingly, pericentromeric heterochroma-
tin is repaired mainly by HR in the G2 phase of the cell cycle,
whereas centromeric heterochromatins are repaired by both
HR and NHEJ (86). This difference further supports the con-
cept that the chromatin environment can influence DSB repair
pathway choice. The nuclear microenvironment of a DSB can
also influence choice of repair pathway. Site-specific DSBs
induced at the nuclear periphery are repaired by end-joining
pathways in preference to HR (87).

Regulation of A-EJ and SSA

Relative to the choice between HR and end-joining mecha-
nisms in general, there has been less research on mechanisms
regulating how A-EJ and SSA are regulated. Both of these path-
ways are dependent on some level of DSB resection, so factors
promoting resection are likely to increase the rate of A-EJ and
SSA relative to C-NHEJ. The absence of a sister chromatid for
HR in the G1 phase of the cell cycle is likely to favor A-EJ and
SSA for repair of resected DSBs in G1 (88). Using an RNAi
screen, Howard et al. (89) identified 13 repair factors that pro-
mote A-EJ versus other end-joining events. These factors
include CtIP and members of the Fanconi anemia family. Sev-
eral of these factors are also involved in mediating HR and SSA.
The RECQ helicase, WRN, was shown to regulate the choice
between C-NHEJ and A-EJ by “shielding” DSBs from the resec-
tion activity of CtIP-MRE11 (90). This “shielding” effect of
WRN appears to be independent of its helicase activity. The
DNA polymerase Pol �, which is frequently overexpressed in
HR-deficient tumor cells, has emerged as a key regulator of

A-EJ versus other pathways for the repair of DSBs (76, 91–94).
The helicase domain of Pol � appears to restrict HR and pro-
mote A-EJ by removing RPA from resected DNA ends (95).
53BP1 has been shown to act as an important suppressor of
A-EJ in B cells (96). This effect of 53BP1 seems to stem from its
ability to suppress resection of DSBs. Reduced resection of
DSBs by 53BP1 also impacts the choice between A-EJ and SSA.
When 53BP1 is absent or present in a limited amount, resection
of DSBs is so great as to exhaust the available cellular stock of
RAD51 (97). Under these conditions, RAD52-mediated SSA
takes over from RAD51-mediated HR. 53BP1 therefore acts
to “foster” the more “faithful” pathways of DNA repair, i.e.
C-NHEJ and HR instead of A-EJ and SSA. A further determi-
nant of the choice of HR versus SSA depends on the interaction
of BRCA1 and PALB2. Mutations in either of these factors that
prevent their normal association increase the use of SSA for
repair of resected DSBs at the expense of HR (98).

Perspective

Recent years have brought a great deal of new knowledge
about cellular activities that regulate the choice of the DSB
repair pathway in mammalian cells. In many cases, however,
the exact mechanism by which these factors work is not clear.
Future work will hopefully test the relative importance of dif-
ferent regulatory mechanisms and measure to what extent they
are relevant in cells of different lineages and disease states. The
hope is that with greater knowledge of how DNA repair is reg-
ulated, we will identify approaches to selectively disrupt certain
repair pathways to reduce the frequency of mutations that lead
to malignant cell growth or to kill cancer cells that become
dependent on one particular repair pathway.
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Figure 4. Chromatin and nuclear positioning contribute to DSB repair pathway choice. H3K36Me3 and acetylated histones are present in transcription-
ally-active regions. These marks promote use of HR for repair of DSBs by LEDGF-mediated recruitment of CtIP and ZMYND8-mediated recruitment of the NuRD
complex, which remodels nucleosomes. The presence of macro-H2A also correlates with increased use of HR. Heterochromatic regions of the genome,
particularly pericentromeric heterochromatin, are preferentially repaired by HR. Conversely, DSBs that occur near the nuclear periphery show increased repair
by NHEJ. See text for details.
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